Consensus HIV-1 genes can decrease the genetic distances between candidate immunogens and field virus strains. To ensure the functionality and optimal presentation of immunologic epitopes, we generated two group-M consensus env genes that contain variable regions either from a wild-type B=C recombinant virus isolate (CON6) or minimal consensus elements (CON-S) in the V1, V2, V4, and V5 regions. C57BL=6 and BALB=c mice were primed twice with CON6, CON-S, and subtype control (92UG37_A and HXB2=Bal_B) DNA and boosted with recombinant vaccinia virus (rVV). Mean antibody titers against 92UG37_A, 89.6_B, 96ZM651_C, CON6, and CON-S Env protein were determined. Both CON6 and CON-S induced higher mean antibody titers against several of the proteins, as compared with the subtype controls. However, no significant differences were found in mean antibody titers in animals immunized with CON6 or CON-S. Cellular immune responses were measured by using five complete Env overlapping peptide sets: subtype A (92UG37_A), subtype B (MN_B, 89.6_B and SF162_B), and subtype C (Chn19_C). The intensity of the induced cellular responses was measured by using pooled Env peptides; T-cell epitopes were identified by using matrix peptide pools and individual peptides. No significant differences in T-cell immune-response intensities were noted between CON6 and CON-S immunized BALB=c and C57BL=6 mice. In BALB=c mice, 10 and eight nonoverlapping T-cell epitopes were identified in CON6 and CON-S, whereas eight epitopes were identified in 92UG37_A and HXB2=BAL_B. In C57BL=6 mice, nine and six nonoverlapping T-cell epitopes were identified after immunization with CON6 and CON-S, respectively, whereas only four and three were identified in 92UG37_A and HXB2=BAL_B, respectively. When combined together from both mouse strains, 18 epitopes were identified. The group M artificial consensus env genes, CON6 and CON-S, were equally immunogenic in breadth and intensity for inducing humoral and cellular immune responses.
Introduction

S
ince its discovery in 1981, human immunodeficiency virus type I (HIV-1) has exploded into a global pandemic. More than 60 million people have been infected, and 33 million are currently living with HIV-1. 45 Because of the high level of genetic variation and the rapid increase in viral population, HIV-1 has evolved into nine defined genetically distinct viral subtypes. 26 Regions, countries, and even cities have multiple HIV-1 subtypes cocirculating that give rise to recombinant circulating viruses. It has been determined that >20% of viral sequences are intersubtype recombinants. 31, 36 Previous vaccine studies have shown that a small amount of genetic divergence between the vaccine strain and the challenge strain will negate any protective immunity; therefore, it is unlikely that a single subtype will be effective at inducing immunity against natural challenge in such a diverse population. 2, 5, 22, 42 Several approaches have been investigated to overcome the challenge of genetic diversity. First, conserved T-and B-cell epitopes were explored, and many cross-subtype T-cell responses have been identified. 9, 15, 17, 18, 43 Although T-cell epitopes are more easily defined than B ¼ cell epitopes, several cross-subtype neutralizing antibodies have been identified and mapped. 7, 10, 35, 44, [48] [49] [50] However, further experiments have failed to induce antibody responses to these epitopes, and passive transfer is not a practical prophylactic. 21, 27, 32, 46 Epitope vaccines are limited because viral-escape mutants are easily selected for during infection. 1, 4, 8, 39 Second, a multisubtype immunization has been investigated. Cocktails of peptides, proteins, DNA expression plasmids, and recombinant viral vectors have been used to increase the breadth of the anti-HIV-1 immune responses. 6, 14, 23 Kong 23 and Seaman 41 have shown that T-and B-cell immune responses to polyvalent vaccines are equivalent to the immune responses induced by monovalent vaccines.
Finally, to minimize the genetic diversity between the immunogen and challenge strain, several investigators have proposed the use of a centralized HIV-1 gene as an immunogen. These centralized sequences can be established by using several methods: consensus, ancestral, mosaic, and center of tree (COT). 16, 19, 20, 24, 25, 37, 38 All of these methods result in a sequence that localizes to the central polytomic node of an HIV-1 phylogenetic tree. Analysis of the synthetic centralized sequences indicates that many experimentally defined T-cell epitopes from many subtype HIV-1 viruses are preserved, indicating that centralized genes may induce broadly cross-reactive T-cell immune responses. 20, 40 Previous studies reported the generation of a group M consensus env gene (CON6). CON6 was biologically functional, used the CCR5 coreceptor, induced T-cell immune responses and neutralizing antibody against HIV-1 primary isolates. 20 CON6 was compared with a multisubtype immunogen as well as three subtype immunogens (subtypes A, B, and C). T-cell data showed that the CON6 immunogen induced broader T-cell immune responses, as compared with single-subtype immunogens, and equally broad responses, as compared with the multisubtype immunogen. 47 With the intention to preserve as much biologic function as possible, CON6 was generated without consensus variable loops, V1, V2, V4, and V5, because of variation, insertions, and deletions. Instead, these variable loops were replaced with subtype C env sequence from a CRF07_BC virus (Fig. 1) . It is important to note that subtype C viruses, in general, have shorter variable regions as compared with the other subtypes. Later, a complete consensus env, CON-S, gene was made by using a minimal variable element approach (Fig. 1 ). This was accomplished by selecting a sequence restricted to the minimal-length env sequence in the alignment without completely removing the variable regions during phylogenetic analysis. In this study, we characterized the CON-S immunogen and compared the immune responses induced by CON6 immunogen and the fully consensus CON-S immunogen. Both CON6 and CON-S are biologically functional in that they form infectious pseudovirions and use the CCR5 coreceptor for entry (29) . No significant differences in CON6-or CON-S-induced antibody titers or T-cell immune responses against Env peptide pools were found, and little difference was noted in the induced T-cell epitopes. These data indicate that CON6 and CON-S are comparable immunogens and have the potential to be used as a broadly crossreactive immunogen for most HIV-1 subtypes.
Methods and Materials
Env gp140 immunogens
To generate the gp145CFI membrane-bound envelope immunogens, CON6, CON-S, 92UG37_A and HXB2=Bal_B gp140CF plasmids were constructed by introducing a stop codon after the membrane-spanning domain (YIKIFIMIV GGLIGLRIVFAVLSIVN), a deletion of gp120=gp41 cleavage site and fusion domain of gp41, as previously described, and a deletion between HR1 and HR2 in gp41. 6, 10, 12 The env genes were cloned into the DNA expression vector pCMV=R at XbaI and BamHI sites for use as DNA immunogens. The same genes, with the exception of an introduced stop codon before the membrane-spanning domain (gp140CFI), were also cloned into the shuttle plasmid pSC65 at SalI and KpnI sites to generate recombinant vaccinia viruses (rVVs), as previously described 13, 47 (Fig. 1 ).
Animal immunization
Female BALB=c and C57BL=6 mice (6-8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA) and housed in the Duke University Animal Facility under the Association for Assessment and Accreditation of Laboratory Animal Care (AALAC) guidelines with animal-use protocols approved by the Duke University Animal Use and Care Committee. Five mice per group were immunized intramuscularly (i.m.) in the quadriceps with gp145CFI and empty vector control DNA (50 mg) twice at 3-week intervals. Three weeks after the last DNA immunization, the mice were boosted with rVVs and wild-type VV (10 7 pfu) intraperitoneally. Two weeks after the boost, the mice were killed, and spleens were collected. Pre-and post-bleeds were obtained by retrorbital bleeding with a Natellson heparinized collection tube.
Enzyme-linked immunospot (ELISpot) assay
Three overlapping Env peptide sets from subtypes A, B, and C were used for T-cell epitope mapping. Subtype type A (92UG037_A) gp140 overlapping peptides were synthesized through SynPep Corporation (Dublin, CA). It consisted of 168 FIG. 1. CON6 and CON-S were generated by using two group M consensus env genes that contain variable regions either from a wild-type B=C recombinant virus isolate (CON6) or minimal consensus elements (CON-S) in the V1, V2, V4, and V5 regions. The minimal variable elements and the subtype C sequence positions are shown as gray and black boxes, respectively. C, F, and I indicate the location of the cleavage, fusion, and intervening regions, respectively. gp145CFI and gp140CFI indicate the location of the deletions and truncations.
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peptides that were 15 amino acids long with an 11-amino-acid overlap. Subtype B (SF162P3 _B) and subtype C (Chn19_C) peptides were obtained from the NIH AIDS Research and Reference Reagent Program (Bethesda, MD). The SF162P3 peptide set consisted of 182 peptides that were 15 amino acids long with an 11-amino ¼ acid overlap. The Chn19 peptide set consisted of 72 peptides that were 20 amino acids long with a 10-amino-acid overlap. Spleens from individual mice were minced and then forced through a 70-mm nylon cell strainer (BD Labware, Franklin Lakes, NJ). ELISPOTS were performed according to manufacturer protocol (Mabtech, Stockholm, Sweden). In brief, single-cell suspensions of splenocytes were plated in 96-well polyvinylidene difluoride-backed plates (MultiScreen-IP; Millipore, Billerica, MA) coated with 50 ml of anti-mouse IFN-g mAb AN18 (5 mg=ml; Mabtech) overnight at 48C. The plates were blocked with Hepes-buffered complete RPMI medium at 378C for 2 h. Equal volumes (50 ml) of each peptide pool and splenocytes (10 7 cells=ml) were added to the wells in duplicate. Plates were incubated overnight (14-16 h) at 378C with 5% CO 2 . After the plates were washed 6 times with PBS, 50 ml of 1:1,000-diluted biotinylated anti-mouse IFN-g mAb (Mabtech) was added to each well. Plates were incubated at RT for 2 h and then washed 3 times with PBS. Fifty microliters of streptavidin-alkaline phosphatase conjugate (1:1,000 dilution; Mabtech) was added to each well. After incubation at RT for 1 h, the plates were washed 5 times with PBST. Finally, 100 ml of BCIP=NBT (Plus) alkaline phosphatase substrate (Moss, Pasadena, MD) were added to each well. The plates were incubated at RT for 10 min. After washing with water, plates were air-dried. Spots were counted by using an automated ELISpot plate reader (Immunospot counting system, CTL Analyzers) and expressed as spot-forming cells (SFCs) per 10 6 splenocytes. Responses were considered positive if the numbers of the spots were 4 times more than those of the negative control and 50 SFC=10 6 cells per well. CD4 and CD8 T-cell depletion and enrichment were performed by using immunomagnetic depletion beads according to the manufacturer's instruction (Dynal Biotech ASA, Oslo, Norway). ELISpot assays were performed with CD4 or CD8-depleted cells to determine whether the T-cell epitopes were either MHC class I or II restricted.
Antibody titers
ELISA plates were coated overnight at 48C with 100 ml=well HIV-1 Env protein at a concentration of 5 mg=ml in PBS. The plates were washed twice with PBS containing 0.1% Tween 20 (PBST) and blocked with 300 ml blocking buffer (4% BSA and 0.01% NaN3 in PBS) for 2 h at RT. Diluted mouse sera (100 ml) was added into the antigen-coated microtiter wells and incubated for 1 h at RT. After the plate was washed 3 times with PBST, it was incubated with the 1:2,000 diluted goat antimouse IgG alkaline phosphatase conjugate (Sigma, St. Louis, MO) for 1 h at RT. Substrate p-nitrophenyl phosphate disodium (PIERCE, Rockford, IL) was added to each well for color development. Absorbance was measured at 405 nm with the Wallac 1420 Multilabel Counter (Perkin Elmer Life Sciences, Boston, MA). The titer was determined as the highest dilution that was twofold higher than the prebleed sera.
Statistical analysis
Antibody and pooled T-cell immune responses were analyzed by using a Student's t test (Microsoft Excel
Results
Induced humoral immune responses
No statistically significant differences in the mean antibody titers induced in CON6 and CON-S immunized animals against all proteins in both BALB=c and C57BL=6 mice (Fig. 2) . The SHAM group represents animals immunized with empty DNA expression plasmid and boosted with vaccinia virus WR that did not express any HIV envelope immunogen. Undetectable antibody titers were assigned a value of 10 for statistical evaluation. Figure 2 indicates some level of antienvelope antibody in the SHAM group; however, this is due to the inability to assay titers >10 and the small amount of nonspecific binding typical at low serum dilutions. This low level of anti-envelope antibody was not significant and was consistently several orders of magnitude less than that of immunized mice. In BALB=c mice, CON6 and CON-S induced significantly higher GMTs than both subtype controls against CON-S Env protein. CON6 induced significantly higher mean antibody titers against 96ZM651_C protein than did 92UG37_A and HXB2=Bal_B (p 0.02). 92UG37_A induced a higher GMT than HXB2=Bal_B and CON6 against 92UG37_A_B Env protein, whereas CON6 had a higher mean antibody titer than HXB2=Bal_B against 92UG37_A Env protein ( p 0.05) (Fig. 2A) . In C57BL=6 mice, the subtype control immunized mice had a higher mean antibody titer against the homologous Env protein, whereas no significant differences between CON6 and CON-S immunogens were found, as compared with the homologous immunogen against the same Env protein ( p 0.05) (Fig. 2B) . HXB2= Bal_B, CON-S, and CON6 Env protein induced greater mean antibody titers against 96ZM651_C Env protein; however, the data were not statistically significant (Fig. 2B) . Data in this and other studies consistently showed that the consensus immunogens induce higher anti-envelope immune responses as compared with wild-type immunogens. 29, 40, 47 Although the data presented here only indicate antienvelope immune responses, they do not measure effective HIV-neutralizing antibodies. However, Liao et al. 29 studied differences between CON6 and CON-S and showed that both of the consensus immunogens induced greater crossreactive HIV-neutralizing antibodies as compared with wild-type immunogens.
Cellular Immune responses to three pooled Env peptide sets
To determine the relative intensity of induced T-cell immune responses, individual mouse splenocytes were assayed for the ability to recognize peptide pools that contained all of the overlapping Env peptides for each set. No significant differences were seen between CON6 and CON-S induced T-cell responses to Env peptide pools in both BALB=c and C57BL=6 mouse strains (Fig. 3) . In BALB=c mice, CON6, CON-S, and HXB2=Bal_B induced significantly greater T-cell immune responses against Chn19_C Env peptides than did 92UG37_A (p 0.05) (Fig. 3A) . In C57BL=6 immunized mice, CON6 and CON-S induced significantly greater T-cell immune responses against subtype A peptides, UG37_A, than did 92UG37_A and HXB2=Bal_B. CON6 and CON-S also induced greater immune responses against subtype C, Chn19_C, Env peptides than did 5304_A ( p 0.05) (Fig. 3B) .
Breadth of T-cell epitopes
To determine the relative breadth of CON6 and CON-S immunogens, the T-cell epitopes were identified by using matrix peptide pools and individual peptides. Because of the large number of overlapping Env peptide sets, the epitopes were screened and identified by using pooled splenocytes from all five mice in each group. In BALB=c and C57BL=6 mice, 13 and 10 T-cell epitopes were identified, respectively. The epitopes for BALB=c and C57BL=6 were designated B1-B13 and C1-C10, respectively (Fig. 4A) . In BALB=c mice, CON6 and CON-S induced responses to 10 and eight epitopes, respectively. Both subtype controls, 92UG37_A and HXB2=Bal_B, induced responses to eight epitopes (Table 1 and Fig. 4C ). In C57BL=6 mice, CON6 and CON-S induced responses to nine and six T-cell epitopes, respectively. The subtype controls, 92UG37_A and HXB2=Bal_B, induced responses to four and three T-cell epitopes, respectively. Three epitopes were found to be cross-reactive: C4, C6, and C8. CON6 and CON-S induced responses to several epitopes (C1, C2, C3, C5, and C9) that the subtype controls did not; whereas the subtype controls only induced responses to one epitope, C10, that was not induced by CON6 or CON-S (Table 1 and Fig. 4D ). These results were confirmed in previous and successive studies.
Location of T cell epitopes and identity of conserved epitopes
Because CON6 uses subtype C variable loops, it was possible that CON6 would be biased toward subtype C immunogenicity. However, few T-cell epitopes were found to localize in the variable regions. Epitope C9 localized to the V4 region, whereas epitopes B4 and B9 overlapped with V2 and V4, respectively (Fig. 4) . Three epitopes, B7, B8, and C8, localized to V3; however, the V3 regions in CON6 and CONS are identical. CON6 induced two CTL epitopes in the signal peptide of the envelope, and both CON6 and CON-S induced the CTL epitope C9 in the V4 variable region (Fig. 4) . Epitopes B8, B11, and B12 were found to be broadly cross-reactive, in that they were induced by all four immunogens. Epitopes B4, B7, and B10 were not detected by either CON6 or CON-S immunized animals, whereas both CON6-and CON-Sinduced epitope B1 and 92UG37_A and HXB2=Bal_B did not (Fig. 4) . Supplemental figures show the relative position and peptide sequences to map the T-cell epitopes in both BALB=c and C57BL mice. The numbers flanking the peptide sequences indicate the catalog number of the peptide that was received from the NIH AIDS Reagent and Repository.
FIG. 3. The intensity of T-cell immune responses against
overlapping envelope peptide pools in BALB=c (A) and C57BL=6 (B) mice. Mice were immunized twice i.m. with 50 mg of DNA expression plasmid followed by boosting with 10 7 pfu envelope expressing recombinant vaccinia virus. Two weeks after boosting, the mice were killed, and splenocytes were used to measure total T-cell responses to overlapping envelope peptide pools, as measured by ELI-SPOT assay. Error bars indicate standard error (n ¼ 5).
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Determination of MHC class I or II restriction on T-cell epitopes
To determine whether responding T cells were either CD8 or CD4, we performed ELISpot assays with either CD4-or CD8-depleted cells for all positive peptides in both mouse strains. T-cell responses that were generated by CD8 T cells were considered MHC I-restricted CTL epitopes, and responses that were derived from CD4 T cells were considered MHC II-restricted Th cells. Four epitopes (B7, C1, C2, and C9) were recognized by CD8 T cells in BALB=c or C57BL=6 mice. All other epitopes were recognized by CD4 T cells (Fig. 4 and Supplemental Figures 1 and 2 ).
Discussion
One of the most difficult obstacles to overcome in developing an HIV vaccine is the high level of genetic diversity. In this study, we showed that no significant differences exist between CON6 and CON-S in inducing humoral and cellular immunity and that both immunogens have advantages over subtype-specific immunogens, in that they induce more T-cell epitopes at a greater intensity and at equivalent or greater humoral responses. These data suggest that both CON6 and CON-S have the potential to be further developed as a broadly reactive AIDS vaccine.
When investigating the humoral immune responses induced by the consensus and subtype immunogens, we found no differences between CON6 and CON-S against all Env proteins in both mouse strains. In general, consensus immunized animals had higher or equivalent mean antibody titers than did subtype immunized animals. Also, HXB2=Bal_B-immunized animals had higher mean antibody titers against the consensus Env proteins than homologous protein, indicating that these antibodies had a higher affinity for B-cell epitopes presented by CON6 and CON-S. The subtype immunogens were biased toward homologous Env protein, whereas CON6 and CON-S showed little variation against all three subtype Env proteins. Also, CON6 and CON-S were the only immunogens to induce anti-96ZM651_C antibodies consistently. The ability of both CON6 and CON-S to induce neutralizing antibodies against subtypes B and C primary HIV-1 isolates has been reported (29) . Liao et al. 29 showed that Mice were immunized with subtype A, Subtype B, CON6 and CON-S immunogens. The mice were immunized i.m. 2X with 50 mg of DNA expression plasmid followed by boosting with 10 7 pfu of envelope expressing vaccinia virus. Two weeks after boosting the splenocytes were used to map epitopes induced by the immunogens using the ELISPOT assay and overlapping envelope peptide sets corresponding to subtype A (92UG37_A), subtype B (MN, 89.6, SF162) and subtype (Chn19P) wild type HIV-1 envelope sequences.
the variable regions played a significant role in the induction of neutralizing antibodies and showed that the minimal variable-region approach resulted in more neutralization, especially in regard to the V3 region.
When the cellular immune responses were examined, again, we found that CON6 and CON-S were equivalent at inducing responses against subtype epitopes in both mouse strains. Neither the subtype nor the consensus immunogens showed a bias toward a particular subtype. An explanation for a greater intensity of cellular immune responses in CON6 and CON-S immunized C57BL=6 mice could be that the 3 CTL epitopes were induced only by the consensus immunogens. Two of the CTL epitopes reacted to Chn19_C peptides, and one reacted to UG37 peptides. The two CTL epitopes in the signal peptide of the CON6 were not in CON-S, even though these sequences were the same. This may be due to differing proteolytic processing of the genes because of the differing variable regions. Because these peptides are synthetic and overlap by 10 or 11 amino acids, they do not realistically represent a processed and presented antigen. Therefore, the in vitro immune responses may vary from those in vivo.
Relatively few differences were found in the T-cell responses induced by CON6 and CON-S. In both mouse strains, CON6 induced more responses than CON-S. This is interesting because the epitopes that were absent in CON-S were not in the variable regions, and the sequence homology between the two immunogens is identical in the conserved regions. This may be a result of deleted or mutated proteolytic cleavage sites, sequence effects on presentation, or alterations in ubiquination. However, in both mouse strains, CON6 and CON-S induced more T-cell responses than did the subtype immunogens. Although this study is not designed to evaluate the protective nature of the T-cell epitopes, theoretically it is better to have more epitopes, because HIV can lose epitopes by mutation, as shown in previous studies. 1, [3] [4] [5] 8, 32, 39 Also, CTL epitopes have been shown to provide additional suppressive activity, either through direct control of HIV infected cells or perhaps through secreted soluble anti-HIV factors, as shown in several CD8 þ T-cell depletion studies. 1, [3] [4] [5] 8, 32, 39 Interestingly, the Th1 and Th2 biased backgrounds of C57BL6 and BALB=c mice, respectively, were evident in the immune responses induced by the consensus immunogens, whereas both CON6 and CON-S induced greater anti-HIV humoral responses in the BALB=c mice as compared with the C57BL6 mice. However, both CON6 and CON-S induced greater anti-HIV cellular responses in the C57BL6 mice as compared with the BALB=c mice. This may be due simply to the increased numbers of CTL and Th epitopes induced in the consensus immunogens or may be the result of synergistic immune stimulation induced by cooperative Th and CTL cytokine secretion and regulation.
In this study, we showed that little difference exists between consensus immunogens with wild-type or subtype C variable regions and that both consensus immunogens are better at inducing cross-clade immunity than are subtypespecific immunogens. However, it must be noted that this study examined the induction of humoral and cellular immune responses against wild-type and consensus immunogens in two mouse strains and indicates only the possibility of what could be seen in a more diverse MHC, HLA, or Mamu genetic background; this provides evidence that further investigation is warranted.
